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We report on the observation of nanoscale density fluctuations in 2 lm thick amorphous SiO2
layers irradiated with 185 MeV Au ions. At high fluences, in excess of approximately 5 1012
ions=cm2, where the surface is completely covered by ion tracks, synchrotron small angle x-ray
scattering measurements reveal the existence of a steady state of density fluctuations. In
agreement with molecular dynamics simulations, this steady state is consistent with an ion track
“annihilation” process, where high-density regions generated in the periphery of new tracks fill in
low-density regions located at the center of existing tracks. VC 2011 American Institute of Physics.
[doi:10.1063/1.3671614]
I. INTRODUCTION
The interaction of swift heavy ions (SHIs) with matter is
governed by their inelastic collisions with target electrons.
The resulting intense electronic excitation and the concomi-
tant high energy deposition can lead to intriguing material
modifications mediated by the formation of narrow defect
regions along the ion paths, so called “ion tracks.” Ion tracks
are of fundamental interest in a wide variety of scientific
areas including materials science and engineering, nuclear
physics, geochronology, archaeology, and interplanetary sci-
ence.1 Examples of material modifications by SHI irradiation
include stabilization of a high pressure phase in Gd2Zr2O7,
2
densification and plastic deformation in amorphous materials
such as SiO2 and glassy metals,
3,4 and amorphisation of crys-
talline materials (for example, InP,5 quartz-SiO2,
4,6 and natu-
ral apatite7). Recently, a process by which spherical metallic
nanoparticles, embedded in amorphous SiO2 (a-SiO2), elon-
gate to form nanorods under SHI irradiation has received sig-
nificant attention.8–14 This process was shown to be closely
related to ion track formation in a-SiO2 and requires multiple
track overlap. The plastic deformation, also termed “ion
hammering,” that is facilitated by ion track formation can be
observed macroscopically by using microscopy,15 however,
underlying changes to the micro-structure are difficult to
retrieve due to the lack of sufficient contrast inherent with
most analytical techniques.
Small angle x-ray scattering (SAXS) provides an effi-
cient and effective technique to study ion tracks. Using
synchrotron SAXS measurements, we recently demonstrated
that isolated ion tracks in a-SiO2 exhibit a previously un-
resolved fine structure in the radial density distribution com-
prising a cylindrical core-shell configuration with a lower
density core and a higher density shell as compared to un-
irradiated material.16,17 In this work we show that SAXS
measurements and molecular dynamics (MD) simulations
are consistent with a steady state of nano-scale density fluc-
tuations that arise when a-SiO2 is irradiated with SHIs at flu-
ences sufficient to cover the entire surface with ion tracks.
This steady state can be explained in terms of an ion track
annihilation process; while the SHI induced densification of
a-SiO2 has been widely reported (for example, see Ref. 4),
we show that the compacted layer is not homogeneous but
instead is characterized by density fluctuations on a nanome-
ter length scale. The latter result from track overlap where
newly formed tracks (partially) annihilate pre-existing
tracks.
II. EXPERIMENTAL AND COMPUTATIONAL METHODS
Samples were produced by irradiating 2 lm thick thermally
grown a-SiO2 on Si with 185 MeV Au ions at the ANU Heavy
Ion Accelerator Facility. Fluences ranged between 6 1010 and
3 1014 ions=cm2. Irradiation was performed at room tempera-
ture with the incident ion direction normal to the sample surface.
Thin SiO2 layers were utilized to achieve a reasonably uniform
energy loss over the extent of the layer. Synchrotron SAXS
measurements in transmission geometry were performed at
beamline 15ID-D of the Advanced Photon Source, Argonne
National Laboratories, USA, and the SAXS/WAXS beamline at
the Australian Synchrotron in Melbourne, Australia, using x-ray
energies of 10.27 and 12 keV, respectively. Samples were pre-
pared by locally removing the Si substrate to isolate the thin
SiO2 film.
17 This enables measurements on the thin film only
and negates artifacts due to irradiation induced inhomogeneities
in the Si substrate. Measurements were performed with the sam-
ple surface aligned normal to the x-ray beam, i.e., parallel to the
ion tracks. The resulting isotropic images were radially inte-
grated around the beam center. Scattering from an unirradiated
SiO2 standard was subtracted from all spectra.
a)Author to whom correspondence should be addressed. Electronic mail:
patrick.kluth@anu.edu.au.
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Molecular dynamics simulations were performed using
the classical MD code PARCAS.18 Sequential simulation of
two ion tracks was performed with track center-to-center dis-
tances of 8, 5, and 3 nm. Atoms in the cell were shifted
between the two simulations, such that both tracks could be
simulated at the center of the cell. The initial cell sizes were
17.3 17.3 11.5 nm3 with periodic boundary conditions,
cooled with Berendsen temperature control19 at the borders
toward 0 K. A computation time of 50 ps at 0.4 fs timesteps
was used. The atomic interactions were calculated using the
Watanabe–Samela Si–O mixed system many-body poten-
tial.20,21 The electronic energy loss of the SHIs was imple-
mented by an instantaneous deposition of kinetic energy in a
random direction for all of the atoms in the simulation cell.
The radially symmetrical energy deposition profile with
respect to the track center was based on calculations using an
inelastic thermal spike model22 for a 164 MeV Au beam in
a-SiO2. The energy is corresponding to the average ion
energy of initially 185 MeV Au ions over the 2 lm thick a-
SiO2 layer. The deposition profile shows a FWHM of
approximately 4 nm. We emphasize that kinetic energy is de-
posited to all of the atoms in the computation cell, however,
it is only large enough to cause substantial damage within
the first few nanometers around the SHI path. Generation of
the a-SiO2 cells and implementation of the electronic energy
loss are described in more detail in Refs. 16 and 23.
III. RESULTS AND DISCUSSION
The SAXS intensities of the samples irradiated at
185 MeV at fluences between 6 1010 and 3 1014
ions=cm2 are shown in Fig. 1. A qualitative change and an
increase in the scattering intensity are apparent with increas-
ing fluence up to 6 1012 ions=cm2. As reported earlier,16 at
a fluence of 6 1010 ions=cm2 the tracks were well sepa-
rated, i.e., the extent of ion track overlap was negligible and
the scattering consistent with a cylindrical core-shell ion
FIG. 1. (Color online) SAXS spectra of a-SiO2 irradiated with 185 MeV Au
ions as a function of irradiation fluence. The inset shows the areal coverage
of the material with ion tracks assuming a track radius of 54 A˚.
FIG. 2. (Color online) Normalized den-
sities of the a-SiO2 obtained from MD
simulations after subsequent impact of
two adjacent ions at distances of (a) 8
nm, (b) 5 nm, and (c) 3 nm. The blue
line (circles) shows the densities after
the first and the red line (squares) after
the second impact. The ion x-
coordinates for the first and second ion
impact are marked by gray arrows and
are (a) 40 A˚ and –40 A˚, (b) 30 A˚ and
–20 A˚, and (c) 20 A˚ and –10 A˚, respec-
tively. The top right of the panel shows a
schematic cross-section of the two ion
tracks drawn to scale using the core and
shell dimensions for ion tracks measured
using SAXS (Ref. 16). (d) Top view of
the simulated densities corresponding to
a separation of the tracks of 5 nm.
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track structure with a lower density core and a higher density
shell when compared to unirradiated material. Increasing the
irradiation fluence leads to increasing coverage of the sample
with ion tracks as well as significant track overlap: track
overlap is responsible for the qualitative shape change of the
scattering spectra, as it ion tracks can no longer be viewed as
independent scattering objects. Above a fluence of 6 1012
ions=cm2, the scattering becomes nearly identical, i.e., flu-
ence independent. (Note that the intensities for samples irra-
diated with fluences of 6 1013 and 3 1014 ions=cm2 are
offset vertically for better visualization.) The area A covered
by ion tracks calculated using a simple overlap model
A ¼ 1 exp p  R2  Fð Þ is shown in the inset of Fig. 1 as a
function of ion fluence F. The ion track radius R was
assumed to be 54 A˚ at 185 MeV irradiation.16 At this energy,
a fluence of approximately 5 1012 ions=cm2 is required to
completely cover the irradiated area with ion tracks, coincid-
ing with the observed value above which the scattering
becomes fluence independent. In the following we will con-
centrate on the fluence range where the material is com-
pletely covered with ion tracks. The consequences of the
observed scattering in this fluence range are: (i) the material
is not homogenously compacted by 3% when covered with
tracks as inferred from previous studies,4,24 in fact it must
comprise density fluctuations on the length scale comparable
to the ion track dimensions; (ii) these density fluctuations
constitute a steady state as the scattering does not change
markedly with increasing irradiation fluence once the irradi-
ated area is completely covered with ion tracks. To investi-
gate this behavior, we have performed MD simulations of
ion tracks passing in close proximity of an existing ion track.
Previous simulations of single ion tracks agreed well with
results from SAXS measurements.16,23 Sequential simulation
of two ion tracks were performed with track center to center
distances of 8, 5, and 3 nm. Cross-sections of the resulting
density profiles through the center of both tracks, averaged
over six simulation runs for all cases to obtain better statis-
tics, are shown in Figs. 2(a)–2(c). The blue lines (circles)
show the density after the first simulated ion impact, the red
lines (squares) after the second. The x-coordinates of the first
and second ion impacts are marked by arrows in Fig. 2 and
are 40 A˚ and –40 A˚ in Fig. 2(a), 30 A˚ and –20 A˚ in Fig. 2(b),
and 20 A˚ and –10 A˚ in Fig. 2(c), respectively. The top right
hand corner of the figure panels show schematics of the top
view of two ion tracks where the light and dark areas repre-
sent the core and shell of the track, respectively. The sche-
matic is drawn to scale with respect to the distance between
the tracks and the core and shell dimensions of the cylindri-
cal ion tracks from previous SAXS measurements for an ion
energy of 185 MeV.16 We can clearly observe from Fig. 2
(a) that at a distance of 8 nm the low-density area of the first
track core remains unaffected, consistent with no overlap of
the high-density shell of the second track. At a distance of
5 nm [Fig. 2(b)] the density deficit from the first track core is
somewhat reduced consistent with the expected partial over-
lap with the shell from the second ion track. Figure 2(d)
shows a top view of the corresponding simulation cell visual-
izing the overlap of the two impacts, darker colors indicate
denser areas. At a distance of 3 nm, schematic and simula-
tions agree with an almost complete annihilation of the
under-dense core of the first ion track as shown in Fig. 2(c).
In all cases is the density distribution of the second ion track
radially symmetric, regardless of the preceding local density,
as apparent from the example shown in Fig. 2(d). The MD
simulations clearly show that low-density areas of an exist-
ing track can be filled or “annihilated” by high-density areas
of ion tracks that are subsequently generated in close prox-
imity. As apparent from Fig. 2, the distances of the interac-
tion observed in the simulations agree extremely well with
the previously measured ion track dimensions (represented
in the schematics).
Based on this interaction model, we can now construct a
simple picture of the density fluctuations in the material for
the given fluences. A simulation of random ion impacts is
shown in Fig. 3(a) using the dimensions of the core-shell
structure of the ion tracks for the given irradiation conditions,
i.e., 16 A˚ for the core radius and 38 A˚ for the shell thick-
ness.16 The black areas show the unirradiated parts of the ma-
terial, the gray areas denote the high density regions
(corresponding to the shell in an individual ion track), and the
white areas the low density regions (corresponding to the
core in an individual ion track). Consistent with the MD
FIG. 3. (Color online) (a) Simulation of random ion impacts for the fluences
under investigation. The simulations assume that low-density areas of over-
lapped tracks are erased. The black areas show the unirradiated parts of the
material, the gray areas denote the high density and the white areas the low
density regions. The core radius of 16 A˚ and the shell thickness of 38 A˚
were taken from Ref. 16. (b) Histograms of the low density areas for the flu-
ences used in (a).
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simulations, new impacts cover existing ones, “annihilating”
the density deficit in the low density areas. It is apparent, that
at a fluence of 6 1012 ions=cm2 the entire area of the sample
is essentially covered with ion tracks, in agreement with the
overlap calculations shown earlier. Figure 3(b) shows histo-
grams of the low-density areas for all fluences. Two main fea-
tures can be observed: (i) at 6 1012 ions=cm2 and above, the
histograms are virtually the same, confirming this model
indeed runs into a steady state; (ii) a large number of low den-
sity areas approximately retain the original size of an individ-
ual track core. Quantitative analysis of the scattering
intensities from the high fluence samples is challenging given
the complex structure that evolves when tracks overlap. How-
ever, with the large number of low density areas retaining the
area of individual track cores, a fit with the core-shell
model16 appears a reasonable approximation to verify if the
simulated overlap is consistent with the experimental obser-
vation. The model assumes a cylindrically symmetric density
distribution, consistent with continuous track formation and
approximately uniform energy loss over the depth of the SiO2
layer. A Gaussian distribution of track core radii was
assumed to account for deviations from perfectly cylindrical
tracks and the distribution of low density areas. The scatter-
ing spectrum and the corresponding fit to the core-shell model
are shown in Fig. 4(a). The extracted core radius Rc and shell
thickness Ts amount to 266 1 A˚ and 286 1 A˚. The ratio qs
between core-matrix and shell-matrix density difference is
–0.186 0.01 and the width of the distribution in core radii
equals r=4.56 0.1 A˚. Figure 4(b) plots the corresponding
density profile together with that from separated tracks using
the values from Ref. 16. The transparent squares show the
widths of the distributions in Rc. The total track radii R¼Rc
þTs of both samples are in excellent agreement, while the
core radius of the overlapping track comes out somewhat
larger than that of separated tracks. The density ratio qs
changes from –0.45 to –0.18 from separated to overlapping
tracks. While the former is consistent with densification, the
latter approximately satisfies the condition for volume con-
servation. This behavior is in good qualitative agreement
with experimental observations of initial compaction of the
SiO2 by about 3% under SHI irradiation after which the over-
all density remains constant. MD simulations of multiple
tracks also reproduce this compaction, although saturating at
about 5% change. The difference in the track core radii
extracted from SAXS between separated and overlapping
tracks may be related to a more complicated sample structure
after complete track coverage than the model assumes, how-
ever, qualitatively, the results are consistent with the pro-
posed and simulated track overlap model.
We note that the observed density fluctuations are not an
obvious consequence of the structure of individual ion
tracks. The random ion impacts with multiple track overlap
could conceivably even out the density difference in individ-
ual tracks driven by plastic flow of the a-SiO2 in the high
temperature spikes generated by the SHIs. Another (not
observed) scenario could see the material developing poros-
ity such as observed for SHI irradiated amorphous Ge.25
IV. CONCLUSIONS
In conclusion, using small angle x-ray scattering meas-
urements and molecular dynamics simulations, we have
demonstrated that swift heavy ion irradiated a-SiO2 is charac-
terized by density fluctuations on nanometer length scales
that resemble a steady state when the material is completely
covered with ion tracks. The state is consistent with the
assumption that low-density core areas that characterize sepa-
rated ion tracks are “annihilated” by tracks generated in close
proximity. This microscopic view of a steady state of density
fluctuations sheds new light on the densification process and
the widely accepted macroscopic notion of a homogeneously
compacted layer. It is of significance for processes such as
the metal nanoparticle deformation and certainly important
for optical applications of SHI irradiated a-SiO2.
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